













N  Effi ciency Enhancement of Organic Solar Cells Using 
Transparent Plasmonic Ag Nanowire Electrodes  By  Myung-Gyu  Kang ,  Ting  Xu ,  Hui Joon  Park ,  Xiangang  Luo , *  and  L. Jay  Guo *  Organic solar cells (OSCs) offer a promising alternative to inor-
ganic solar cells due to their low cost, easy fabrication, and com-
patibility with fl exible substrates over a large area. Since their 
fi rst report, [ 1 ] the power conversion effi ciency (PCE) of OSCs 
has steadily increased and now reached up to 4-6%. [ 2 , 3 ] However, 
further enhancement of the PCE is still required for practical 
applications. [ 4 ] Since the photo-current of the solar cell is directly 
related to the light intensity, [ 5 ] an effective approach to enhance 
the effi ciency of a thin fi lm organic solar cell is to increase the 
light absorption of the organic fi lm without having to increase 
the photoactive layer thickness. This constraint mainly comes 
from the low carrier mobility of organic materials. For this pur-
pose, several light trapping approaches including a folded con-
fi guration, [ 6 ] diffraction grating, [ 7 ] photonic crystal, [ 8 ] and surface 
plasmon resonance (SPR) [ 9–14 ] have been investigated and have 
demonstrated promising results. Among these, the SPR is one of 
the most promising approaches due to the enhanced optical 
fi eld associated with metallic nanostructures. Surface plasmons 
(SP) are surface waves whose electromagnetic fi eld is confi ned 
to the vicinity of the metal-dielectric interface. When the con-
dition of the resonance is fulfi lled, this confi nement leads to 
an enhancement of the electromagnetic fi eld at the interface 
and this aspect has been utilized in many near-fi eld SP-based 
applications, such as SP interference lithography, [ 15 ] superlens 
imaging [ 16 ] and surface enhanced Raman scattering. [ 17 ] Since 
the thickness of the organic semiconductors in OSCs is about 
several tens of nanometer, which coincides with the fi eld decay 
length of SP in typical dielectric layer, SPR enhancement is nat-
urally suited to increase the optical absorption of the organic 
semiconductors. The simplest way to resonantly excite SP is to 
use nanostructures, such as metallic nanoclusters and periodic 
nanowires. The fi eld enhancement from nanoclusters is highly 
localized around the nanoclusters and the possible exciton 
quenching can limit the utility of such nanoclusters in thin fi lm © 2010 WILEY-VCH Verlag Gwileyonlinelibrary.com
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 DOI: 10.1002/adma.201001395 organic solar cells. [9] Moreover, even though Ag is an excellent 
electrical conductor, most of the works using isolated Ag 
nanoparticles have to rely on a separate indium tin oxide (ITO) 
layer as a transparent electrode. Though ITO is the most widely 
used transparent electrode for organic optoelectronics, it faces 
several challenges in terms of cost, mechanical and chemical 
stability for future low-cost, high performance, large-area, and 
fl exible applications. [ 18–21 ] Therefore, it would be very attrac-
tive if the metallic nanostructures used to excite the SPR 
effect can simultaneously act as transparent electrodes for 
the OSCs. Recently, such attempts have been reported using 
randomly perforated Ag fi lms and periodic Ag gratings, [ 13 , 14 ] 
but the devices typically showed extremely low PCE, which 
cannot even compare with devices made using conventional 
ITO electrode. In general, since the metallic nanostructures 
themselves also absorb light strongly at the plasmon resonance 
condition, direct evidence of absolute power effi ciency enhance-
ment in such devices is still lacking. 
 The purpose of this letter is to introduce the design of organic 
solar cells with a metal fi lm cathode and a metal nanowire 
anode, where the enhanced external quantum effi ciency (EQE) 
has been observed in the wavelength range predicted by our 
calculation and simulation. Despite the polarization depend-
ence of the nanowire electrode and its lower transmittance 
than that of commercial ITO coated glass, we have observed 
an overall 35% increase in the PCE in the former as compared 
with conventional OSCs made using standard ITO electrode 
under normal unpolarized incident light condition. We discuss 
in detail the design principle that we exploited to enhance the 
optical absorption by the organic semiconductor layer. 
 Previously we have demonstrated large area metallic nano-
mesh structure as a possible replacement for the transparent 
ITO electrode used in organic optoelectronics by virtue of its 
high transparency and electrical conductivity and mechanical 
fl exibility. [ 22–24 ] This work exploits a coupled plasmon mode in a 
metal-dielectric-metal (MIM) sandwich structure where the die-
lectric layer is composed of the organic semiconductors, and the 
metallic layers are chosen to be Ag due to its excellent plasmonic 
properties in the visible range. One metal layer is continuous 
and act as cathode, and the other is a periodic nanowire struc-
ture acting as semi-transparent anode. The periodic nanowire 
structure is commonly used to couple the incident plane wave 
to surface plasmon waves. We performed detailed simulations 
based on rigorous coupled wave analysis (RCWA) [ 25 ] to examine 
the optical absorption enhancement in the periodic Ag nanowire 
array-based OSCs. Since the wider Ag nanowires would refl ect 
much of the incident light back into the free space, here we 
only consider the nanowires with small characteristic width 
about 55 nm. The organic materials on top of the 40nm-thick 













 Figure  2 .  Calculated maps of optical absorption enhancement for nanowire device compared 
with ITO devices for (a) TM (b) TE polarized light. (c) Solar Irradiance for the standard AM1.5 
spectrum. (d) Simulated optical absorption enhancement integrating TM and TE illuminations 
for nanowire device with 220 nm period. Simulated electric fi eld profi les of nanowire and ITO 
devices at the wavelength 530 nm for (e) (f) TM illuminations, (g) (h) TE illuminations. All the 
profi les are in the same color scales. The thickness of PEDOT, CuPc, C60 and BCP layer is 30 nm, 
16 nm, 26 nm and 8 nm, respectively. 
 Figure  1 .  (a) Schematic of the fabricated small molecular weight organic solar cell. The fabri-
cated devices have the layered structure of Ag nanowire anode, PEDOT:PSS, CuPc, C60, BCP, 
and cathode (thick Ag fi lm) from bottom to top. (b) Cross-sectional view of one of the fabricated 
devices, but without 70 nm thick Ag cathode. Organic materials deposited has the sinusoidal 
shape due to the height profi le of the Ag nanowire array and the nature of thermal evaporation 
process. Organic layers are depicted with solid lines and the square shows the position of the 
Ag nanowire on glass substrate. The scale bar is 200 nm. poly(styrenesulfonate) (PEDOT:PSS, 30 nm), 
copper phthalocyanine (CuPc, 16 nm), buck-
minsterfullerene (C 60 , 26 nm), and bathocu-
proine (BCP, 8 nm), which are commonly 
used as hole transporting layer, electron donor 
and acceptor layer, and exciton blocking layer, 
respectively, as shown in  Figure  1a . The layer 
thicknesses correspond to those used in our 
device fabrication. The simulation also took 
into account the waviness of the layered struc-
ture as seen in the real fabricated devices 
(Figure  1 b). 
 We calculated the absorption by the 
organic semiconductor layers by using the 
absorption coeffi cients of each organic semi-
conductor and the optical fi eld distribution 
in both Ag nanowire device and ITO control 
device; and defi ne the enhancement factor as 
the ratio between the two.  Figure  2a and  2 b 
show the calculated maps of optical absorp-
tion enhancement for TM and TE polarized 
illuminations, respectively, as a function of 
incident wavelength and nanowire period. 
The green, yellow and red regions in both 
maps correspond to an optical absorption 
enhancement (enhancement factor  > 1) for 
the nanowire anode-based OSC as compared 
with the one using commercial 150 nm-
thick ITO anode. For the TM illumination, 
the absorption enhancement can be attrib-
uted to the SPR effect inside the MIM OSC 
structure. In order to verify this point, we cal-
culated the plasmon dispersion relation of the 
MIM structure by analytical method. The SP 
modes in a MIM structure with small thick-
ness of the organic material layers ( ∼ 80 nm or 
less) would split into a symmetric mode and 
an antisymmetric mode, [ 26 ] whose dispersion © 2010 WILEY-VCH Verlag GmbH & Co. KGaA, WeinhAdv. Mater. 2010, 22, 4378–4383is shown as the purple and red dashed lines 
in Figure  2 a. We can see that the absorption 
enhancement distribution matches well with 
the calculated plasmon dispersion, which 
proves our viewpoint. It is also interesting 
to note that there is another enhancement 
region for TM polarization at the wavelength 
greater than 750 nm that stretches over a 
board range of grating periods. This feature 
can be ascribed to the SP resonance with indi-
vidual nanowire that has been theoretically 
investigated in Reference 27. Unlike the TM 
case, the absorption enhancement of TE illu-
mination comes from the conventional MIM 
waveguide modes: the incident light with 
TE polarization is scattered by the nanowire 
array, and coupled to the propagating mode 
along the waveguide that is bound by the Ag 














N is in unpolarized, both TM and TE should be considered during 
the design of OSCs with optical enhancement effects. 
 Figure  2 c shows the solar spectrum, where the irradiance 
maximum locates around 500–600 nm. In this experiment, we 
choose the nanowire period as 220 nm so that the enhanced 
absorption range coincides with the peak solar spectrum. 
Though this wavelength range does not match the maximum 
absorption of the CuPc:C60 organic layers, we anticipate that a 
spectrally resolved incident photon to current effi ciency (IPCE) 
measurement will reveal the enhancement effect as it is directly 
proportional to optical absorption effi ciency of the organic 
semiconductors and excludes the absorption by the electrode. 
The simulated optical absorption enhancement for 220 nm 
nanowire period is given in Figure  2 d, where the peak enhance-
ment factor integrating TM and TE components reaches about 
2.5 fold around the wavelength of 530 nm as compared to the 
control OSC with ITO anode. Figure  2 e–h give the electric fi eld 
profi les of nanowire and ITO devices with TM and TE illumina-
tions at the wavelength of 530 nm, respectively. For both TM 
and TE illuminations, higher fi eld intensity in the organic layers 
was obtained in the nanowire device than in the ITO device. 
For the TM illumination, the maximum fi elds concentrate near 
the edges of the bottom and top Ag electrodes, which is con-
sistent with the fi eld profi les of SP antisymmetric modes. [ 26 ] On 
the other hand, TE illumination has the maximum fi elds between 
the cathode and nanowire anode, which also agrees with our above 
analysis of coupling to the waveguide mode. High optical fi eld 
intensity in the organic layers results in high optical absorption, 
therefore we anticipate that this enhanced optical fi eld by SPR 
and waveguide effects will lead to the enhancement of the solar 
cell effi ciency. 
 To prove this principle, small molecular organic solar cells 
were fabricated using the organic materials as shown in Figure  1 a 
and  1 b. The Ag nanowires and a 70 nm thick continuous Ag 
layer were used as an anode and cathode, respectively. For com-
parison, devices with same thickness of organic layers but using 
ITO anode are also fabricated. The Ag nanowire electrodes are 
fabricated using nanoimprint lithography (NIL). [ 28 ] The average 
transmittance of the Ag nanowire and ITO electrode samples 
(both  ∼ 2.5 cm  × 2.5 cm in size) in the visible range is 77% and 
87%, respectively ( Figure  3b ). The nanowire is less transparent 
than ITO as expected, and the refl ection from the nanowire 
makes the sample look more yellowish (Figure  3 a). 
 Figure  3 d gives the measured  J–V characteristics for the 
nanowire and ITO devices with 80 nm thick organic layers. The 
open circuit voltage (V oc ) of the ITO device,  ∼ 0.53 V, was slightly 
greater than that of Ag nanowire devices,  ∼ 0.5 V. The fi ll-factors 
(FF) for both devices are about 0.5. While having similar  V oc 
and FF, the short circle current (J sc ) showed a dramatic differ-
ence between the two devices. The J sc of the nanowire device, 
 ∼ 5.21 mA/cm 2 , is about 40% higher than that of ITO device 
 ∼ 3.72 mA/cm 2 . Therefore the overall PCE of the nanowire 
device ( ∼ 1.32%) is enhanced about 35% than that of the ITO 
device ( ∼ 0.96%). 
 In order to fi nd the conclusive reason for the increased  J sc , 
IPCE was measured for each device. The obtained external 
quantum effi ciency (EQE) spectra of each device are shown 
in inset of Figure  3 e. It can be clearly seen that the EQE of 
nanowire device is higher than that of ITO device across the © 2010 WILEY-VCH Verlag Gwileyonlinelibrary.comwhole visible range, which can explain the higher  J sc observed 
in the nanowire device. The enhancement in EQE between 
the nanowire device and the ITO device as a function of the 
wavelength can be extracted from the ratio of the two EQE 
curves, and is plotted in Figure  3 e. A 2.5 fold EQE enhance-
ment around the wavelength of 560 nm can be clearly observed, 
which compares favorably with the simulated absorption 
enhancement shown in Figure  2 d. Since the EQE depends pro-
portionally on the absorption effi ciency of the active organic 
semiconductor layers and excludes the absorption effect by the 
Ag electrodes, we can attribute the observed enhancement of 
 J sc to the enhanced optical absorption caused by the SPR and 
waveguide effects in the Ag nanowire device. There is another 
possibility which could also increase the effi ciency due to the 
increase of the device surface area observed in the SEM image 
in Figure  1 b. The difference between the peak and the valley in 
the sinusoidal shape of the device is about 30 nm which is esti-
mated to increase the surface area by about 6%. The increase of 
the device is not signifi cant compared to the observed enhance-
ment of the  J sc . Therefore, we can conclude that the observed 
effi ciency enhancement is mostly from the SPR and waveguide 
effects in the Ag nanowire device with very small if any contri-
bution from the increase of surface area. 
 Next, several devices with different thicknesses of the 
organic layers were fabricated to investigate the dependence of 
 J sc enhancement on the organic layer thickness. For all cases, 
the thickness of the PEDOT and BCP was fi xed at 30 nm and 
8 nm, respectively. The total organic layer thickness was varied 
by changing the thickness of CuPc and C 60 while keeping their 
ratio the same. The thickness of CuPc and C 60 for each device 
is summarized in inset table of  Figure  4 . The device param-
eters such as  V oc and FF were similar for both the ITO and 
Ag devices at each organic layer thickness except device #5. 
Device #5 with Ag electrodes having the thinnest organic layer 
(70 nm) showed much reduced  V oc  ∼ 0.37 V, which is attrib-
uted to the shunt path between the Ag nanowires and the top 
cathode due to the very thin organic layers. For other devices, 
the  V oc of the ITO device,  ∼ 0.53 V, was slightly greater than 
that of Ag devices,  ∼ 0.5 V. The FF of all devices was also sim-
ilar for both ITO and Ag devices at each organic layer thick-
ness as expected for bilayer structures. For device #1 and #2 
having relatively thicker organic layers, the FF was no more 
than 0.4 for both ITO and Ag devices. On the other hand, the 
FF was about 0.5 for the device #3 and #4. Thicker organic 
layer presents higher resistance to the photocurrent due to low 
carrier mobility of organic materials. Similar  V oc and FF for 
both ITO and Ag devices indicate that the patterned Ag elec-
trode did not affect the device fabrication and performance. 
While having similar  V oc and FF for all devices, the  J sc showed 
a difference among different devices. Overall, the  J sc of the 
ITO device decreases with reducing organic layer thickness, 
which is expected because of the reduced absorption effi ciency 
in thinner devices. For thicker organic layers (device #1 and #2), 
the  J sc of the nanowire device is comparable to that of the ITO 
device. But for organic layers thinner than 100 nm (device 
#3, #4, and #5), the  J sc of the nanowire device was enhanced. 
The behavior of nanowire device’s  J sc increasing with reduced 
organic layer thickness forms a sharp contrast to the ITO con-
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 Figure  3 .  Photograph of the ITO-coated glass substrate and Ag nanowires with line-width of 55 nm, from left to right. Scale bar is 1 cm. (b) Transmit-
tance spectra of ITO and Ag nanowire electrodes. (c) A scanning electron micrograph of Ag nanowire array with line-width of 55 nm. The scale bar is 
1  μ m. (d)  J–V curve of the nanowire and control ITO devices. (e) External quantum effi ciencies (EQE) enhancement of nanowire device with reference 
to ITO device. The inset gives the measured EQE of the nanowire and ITO devices. thickness, as plotted in Figure  4 . When the thickness of the 
total organic layer decreases to 70 nm the  J sc was increased fur-
ther reaching an enhancement of  ∼ 43% as compared to that 
of ITO device. However, due to lower  V oc , device #5 did not 
show higher PCE. Since the SPR effect in a MIM structure 
also depends on the dielectric layer thickness, [ 26 ] this indicates 
that 80 nm organic layer thickness, combined with 220 nm 
nanowire period, provides the most effi cient light coupling 
effect around the wavelength of peak solar irradiance. 
 In summary, we demonstrated organic solar cells with trans-
parent Ag nanowire electrodes that can enhance the power © 2010 WILEY-VCH Verlag GAdv. Mater. 2010, 22, 4378–4383conversion effi ciency by surface plasmon resonance and 
waveguide effects. The  J sc was enhanced as much as 40% com-
pared to that of the ITO device; and the EQE was enhanced by 
2.5 fold at a wavelength of around 560 nm for an 80 nm thick 
organic layer. Due to this enhancement, the overall power con-
version effi ciency of the Ag device was enhanced by about 35% 
compared to that of the ITO device under unpolarized light 
illumination. The PCE can be further enhanced by choosing 
organic semiconductors and adjusting the period of the Ag 
nanograting such that SP enhanced spectral range matches the 















 Figure  4 .  J sc versus total organic layer thickness. Several devices were 
fabricated and characterized with different total organic thickness ranging 
from 110 nm to 70 nm with 10 nm step, which correspond to the device 
number from 1 to 5. The thickness of the PEDOT and BCP was fi xed at 
30 nm and 8 nm, respectively, for all fabricated devices. The total organic 
layers thickness was controlled by changing the thickness of CuPc and 
C 60 as shown in inset table. can also be fabricated on fl exible substrate by using a transfer 
printing technique [ 24 ] and can be potentially extended to large-
area high-throughput fabrication by a roll-to-roll process. [ 29 ] 
 Experimental Section 
 Fabrication of Ag nanwire electrodes : Ag nanowire electrode on glass 
substrates was fabricated with conventional thermal nanoimprint 
lithography (NIL) and shadow evaporation technique. NIL was 
performed in Nanonex NX2000 naonoimprinter (Princeton, NJ) using a 
mold with a period of 220 nm, a line-width of 100 nm, and a depth of 
100 nm on a 100 nm thick MRI-8030 resist (Microresist Technology 
GmbH) spin-coated on glass substrates, at a pressure of 600 psi 
(1 psi  ≅ 6.89 kpa) and a temperature of 180  ° C for 5 min. The size of 
the mold and the glass substrate is about 2.5 cm x 2.5 cm. After NIL, 
the resist pattern has the opposite shape of the mold with a residual 
resist thickness of about 60 nm, which is removed using oxygen RIE 
at 20 sccm for 40 s, at a power of 30 W and a pressure of 12 mTorr 
(1 mTorr  ≅ 133 mPa) after shadow evaporation of Ti on each sidewall of 
the resist pattern. 25 nm thick Ti was deposited on each sidewall of the 
imprinted grating structure to fabricate Ag nanowire array with a line-
width of about 55 nm. Deposition of 40 nm thick Ag with 1 nm NiCr 
using electron beam evaporation and lift-off completed the fabrication of 
the Ag grating electrode on a glass substrate. 
 Fabrication of organic solar cells (OSCs) : To prove the enhancement 
of the effi ciency of OSCs via surface plasmon resonance in Ag nanowire 
structures, organic bilayer heterojunction solar cells were fabricated 
using copper phthalocyaine (CuPc) and C60. Other thin fi lm solar cells 
such as polymer bulk heterojuntion device using poly(3-hexylthophene)
(P3HT) and [6,6]-phenyl C 61 butyric acid methyl ester (PCBM), one of the 
most promising polymer semiconductors until now, can also be used to 
enhance the device effi ciency after solving the compatibility issue of Ag 
cathode with those materials. For the fabrication of proposed device, the 
Ag nanowire electrodes and ITO on glass were fi rstly cleaned in acetone 
and isopropyl alcohol (IPA) under sonication for 30 min each. ITO coated 
glass had an additional 5 min UV ozone cleaning. Filtered PEDOT:PSS 
solution was spin-coated onto the Ag grating electrodes and ITO 
at 1000 rpm for 30 s, producing a 30 nm thick layer, and then baked © 2010 WILEY-VCH Verlag Gmwileyonlinelibrary.comat 120  ° C for 15 min inside a homemade N 2 purged box. To increase 
the wetting on the substrate and to control the PEDOT:PSS thickness, 
0.2 wt.% Silquest 187 and 100 wt.% deionized water were added to the 
PEDOT (Baytron PH 500). Samples were then brought to an evaporation 
chamber from the N 2 box. Thermal evaporation of the CuPc, C 60 , BCP, 
and 70 nm thick Ag completed the organic solar cell fabrication. A 
shadow mask (diameter of 1 mm) was put on the sample before the Ag 
evaporation. CuPc, C 60 and BCP were purchased from Sigma Aldrich and 
used as received. 
 Measurement of OSCs :  I – V characteristics were measured with 
HP4156B semiconductor analyzer by illuminating OSCs with AM1.5 G 
simulated sun light using Oriel Solar Simulation at the irradiation 
intensity of 100 mW cm  − 2 , which was calibrated by power meter 
(OPHIR, Nova-Oriel) and a reference silicon solar cell. Incident photon 
to current effi ciency (IPCE) spectra for EQE were measured with a 150 W 
Oriel Solar Simulator light source, an Acton ResearchCorp., Spectra-Pro 
275 monochromator, a chopper wheel, and a Stanford Research 
830 Lock-In Amplifi er. The photocurrents were measured and normalized 
against a Hammamatsu Si photodiode reference, and long pass fi lters 
were used to block transmission of any stray 2 nd or 3 rd order diffractions 
outside of the range of interest. 
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